Abstract Terminal erythroid differentiation in vertebrates is characterized by progressive heterochromatin formation and chromatin condensation and, in mammals, culminates in nuclear extrusion. To date, although mechanisms regulating avian erythroid chromatin condensation have been identified, little is known regarding this process during mammalian erythropoiesis. To elucidate the molecular basis for mammalian erythroblast chromatin condensation, we used Friend virusinfected murine spleen erythroblasts that undergo terminal differentiation in vitro. Chromatin isolated from early and late-stage erythroblasts had similar levels of linker and core histones, only a slight difference in nucleosome repeats, and no significant accumulation of known developmentally regulated architectural chromatin proteins. However, histone H3 (K9) dimethylation markedly increased while histone H4(K12) acetylation dramatically decreased and became segregated from the histone methylation as chromatin condensed. One histone deacetylase, HDAC5, was significantly upregulated during the terminal stages of Friend virus-infected erythroblast differentiation. Treatment with histone deacetylase inhibitor, trichostatin A, blocked both chromatin condensation and nuclear extrusion. Based on our data, we propose a model for a unique mechanism in which extensive histone deacetylation at pericentromeric heterochromatin mediates heterochromatin condensation in vertebrate erythroblasts that would otherwise be mediated by developmentally-regulated architectural proteins in nucleated blood cells.
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Introduction
Mammalian terminal erythroid differentiation is characterized by extensive nuclear chromatin condensation and culminates in nuclear extrusion. Although chromatin condensation is also a feature of avian erythropoiesis, nuclei are retained in mature circulating erythrocytes. To date, mechanisms regulating avian erythroid chromatin condensation have been elucidated but little is known regarding this process in mammalian erythroblasts.
DNA in eukaryotic cells is configured into chromatin through its association with histones and nonhistone architectural proteins. The primary packing level consists of an array of repeating nucleosome units. Further compaction is achieved through a hierarchy of higher-order folding: first into the 30 nm chromatin fiber (secondary level) and then into more compact tertiary and quaternary higherorder structures (Woodcock and Dimitrov 2001; Zlatanova and Leuba 2003; Adkins et al. 2004) . One of the most intriguing phenomena related to chromatin higher-order folding is the presence of two morphologically different types of chromatin within a single interphase nucleus: dispersed euchromatin and the condensed heterochromatin (Hennig 1999; Richards and Elgin 2002) . Permanently repressed chromosomal loci such as pericentromeric or subtelomeric regions are associated with constitutive heterochromatin while facultative heterochromatin is associated with conditionally repressed portions of the genome. During eukaryotic differentiation, inactivation of many chromosomal loci is correlated with formation of abundant blocks of facultative heterochromatin (Frenster 1974; Francastel et al. 2000) . Recent genetic studies have revealed a complexity of protein factors, small RNA molecules, and histone modifications that mediate heterochromatin formation in multicellular eukaryotes (Jenuwein and Allis 2001; Maison and Almouzni 2004; Bernstein and Allis 2005; Huisinga et al. 2006) .
Studies in terminally differentiating cells show that chromatin undergoing extensive condensation acquires a special pattern of post-translational histone modifications typical for heterochromatin, such as histone H3(K9) methylation and histone H3 and H4 deacetylation and also accumulates specific developmentally-regulated protein factors that mediate chromatin condensation . The spatial correlation of histone modifications with chromatin condensation has been well documented for chicken erythrocyte chromatin in general and dissected at a molecular level using the developmentally regulated β-globin gene (Hebbes et al. 1994; Litt et al. 2001a, b; Bannister et al. 2005) . During development, chicken erythrocytes show a marked change in the nucleosomal repeat (Weintraub 1978) correlated with an increase of two developmentally regulated chromatin-condensing factors which continue to be synthesized even when cell proliferation ceases: a special variant of linker histone, histone H5 (Sung et al. 1977 ) and a nonhistone protein MENT (Grigoryev et al. 1992) . Histone H5 accumulates at repressed chromatin domains and decreases at active chromatin domains, such as the β-globin gene (Verreault and Thomas 1993) . MENT also accumulates at repressed heterochromatin and its interaction with chromatin is promoted by histone H3(K9) methylation, which is prevalent at heterochromatic loci and decreased at the active β-globin gene . During chicken granulocyte differentiation, however, histone H5 is not expressed but MENT accumulates to a very high level: up to 2 molecules per nucleosome (Grigoryev and Woodcock 1998) . A closely-related nuclear serpin, MNEI, accumulates in chromatin of terminally differentiated human granulocytes . Thus various molecular pathways are involved in chromatin condensation during terminal differentiation in different types of blood cells.
To understand mechanisms governing chromatin condensation in mammalian erythroblasts, we examined chromatin organization in a well-characterized model of terminal erythroid differentiation, Friend virus-infected murine spleen erythroblasts (FVA cells) undergoing differentiation and enucleation in vitro over 44-48 h (Koury et al. 1988 (Koury et al. , 1989 Lee et al. 2003; Krauss et al. 2005) . Unlike the mouse erythroleukemia (MEL) cells derived from the leukemia phase of the Friend disease, the FVA cells that we use in our system do not undergo malignant transformation and are not expected to acquire global epigenetic changes associated with oncogenically transformed genomes (Esteller 2006; Feinberg et al. 2006 ). Here we report that chromatin from nuclei of early-stage proerythroblasts and late-stage orthochromatic erythroblasts contain similar levels of linker and core histones, similar nucleosome repeats, but surprisingly low levels of nonhistone proteins including nuclear serpins and most other architectural protein factors previously proposed to be associated with heterochromatin condensation such as HP1, MeCP2, MBD2, macroH2A, and H2A.Z (reviewed in ). However, we did observe a significant increase in histone H3 dimethylated at lysine 9, contrasting with a sharp decrease in the levels of histone H4 acetylated at lysine 12 in late-stage erythroblasts. The decrease in histone acetylation was concomitant with a marked increase in the level of one histone deacetylase, HDAC5. Treatment of differentiating erythroblasts with trichostatin A (TSA), a histone deacetylase (HDAC) inhibitor, maintained histone acetylation and strikingly inhibited chromatin condensation and nuclear extrusion. Our data suggest that the high degree of chromatin condensation in terminally differentiated mammalian erythroblasts, in contrast to other vertebrates, is mediated by posttranslational histone modifications but does not require accumulation of known developmentally regulated architectural proteins.
Materials and methods
Reagents
All chemicals were purchased from Fisher Scientific (Pittsburgh, PA, USA), unless otherwise noted. Antibodies against HP1α, HP1β, HP1γ, histones H3 trimethylated at lysine 9 (H3me 3 K9), H3 dimethylated at lysine 9 (H3me 2 K9), H3 acetylated at lysines 9 and 14 (H3acK9,K14), H4 acetylated at lysine 12 (H4acK12), macroH2A1.2 and H2A.Z were as described (Grigoryev et al. 2004; Bulynko et al. 2006) , as were antibodies against lamins A/C and B (Chaudhary and Courvalin 1993) . Antibodies against MBD2 (sheep, cat. no. 07-198) and MeCP2 (rabbit, were from Upstate (Lake Placid, NY, USA) and those against HDAC5 (rabbit, cat. no. 2082) Isolation of differentiating murine erythroblasts from Friend virus-infected spleens Early erythroblasts were isolated using the system established by Koury and colleagues (Koury et al. 1984; Koury et al. 1997; Lee et al. 2003; Krauss et al. 2005) . In brief, CD 2 F 1 mice were infected with the anemia-inducing strain of the Friend erythroleukemia virus (1 × 10 4 spleen focus-forming units injected per mouse). After 11 days, cells from two spleens were collected and separated by velocity sedimentation at unit gravity on a BSA (bovine serum albumin) gradient. Cells sedimenting at approximately 6 mm/h or more were pooled and yielded a population that was predominantly proerythroblasts (0% BFU-E, 10-20% CFU-E). Cells were cultured over 44 h with 1.0 units/ml recombinant human erythropoietin (epo). In culture, the cells proliferated and differentiated into late-stage erythroblasts, about one-third to one-half of which underwent enucleation. At specific time points, cells were removed from culture for analysis. Cytospin slides were made using a Shandon Cytospin 4 (Thermo Electron Corp., Pittsburgh, PA USA). Slides were stained using 3,3′-dimethoxybenzidine and hematoxylin.
Immunofluorescence microscopy For analysis of interphase nuclei, cells were resuspended in PBS (phosphate-buffered saline) buffer and 100 μl aliquots were either directly applied or cytospun on poly-L-lysine slides (Sigma, St. Louis, MO, USA). Cells were fixed in 2.7% paraformaldehyde (EMS, Hatfield, PA USA) in PBS, permeabilized in KCM buffer (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCl, pH 7.7, 0.1% Triton X-100), blocked in 2% BSA, 10% non-fat dried milk in KCM buffer, and incubated with primary and secondary antibodies diluted in the blocking solution. All samples were counterstained with Hoechst 33258 or DAPI DNA stains as described previously . Fluorescence microscopy was performed using a Nikon Eclipse E1000 automated microscope with 40×0.95NA and 100×1.40NA plan apo lens and Hamamatsu Orca-ER digital camera. Image capturing and analysis was performed using Image-Pro MC6.0 software. For deconvolution, 16-bit z-slices were captured at 0.4 μm steps with a cooled CCD camera and iteratively deconvolved (usually 20 cycles) using AutoDeblur software (AutoQuant Imaging, Watervliet, NY, USA) as described (Irving et al. 2002) . Deconvolved images of nuclei in Fig. 5 represent a single 'z' slice through the center of the nucleus.
Isolation of murine and chicken nuclei
Fractionation of chicken blood cells and isolation of chicken erythrocytes was performed as described (Grigoryev and Woodcock 1998) . To isolate FVA cell or chicken erythrocyte nuclei, cell suspensions in PBS were centrifuged for 3 min at 1000 g and resuspended in 0.5% IGEPAL CA-630 (Sigma) in RSB (10 mM NaCl, 3 mM MgCl 2 , 10 mM Hepes, pH 7.5) plus 1 mM PMSF and protease inhibitors cocktail (Sigma). Cells were vortexed several times during 30 min incubation on ice and then centrifuged 10 min at 5000 g. The nuclei pellet was resuspended in RSB plus 1 mM PMSF and protease inhibitors cocktail.
Nuclease digestion
For micrococcal nuclease digestion, an aliquot of nuclear preparation containing 1 mg/ml DNA was resuspended in 5 ml RSB, 0.5 mM PMSF. CaCl 2 was added to a final concentration of 1 mM, and micrococcal nuclease (Nuclease S7, Roche Diagnostics, Indianapolis, IN, USA) was added at 2.5 units/ ml. The reaction was carried out at 37°C for various time intervals and terminated by adding EDTA to a final concentration of 10 mM. Resulting soluble chromatin was treated with 50 μg/ml Proteinase K plus SDS to 1% final concentration for 1 h at 55°C. DNA was purified by phenol-chloroform extraction and ethanol precipitation and subjected to electrophoresis in 1% agarose (UltraPure, Invitrogen, Carlsbad, CA, USA) in Tris-Acetate-EDTA buffer (Grigoryev and Woodcock 1998) with constant buffer recirculation.
Reversed-phase high-performance liquid chromatography (HPLC) Analysis of major histone composition of chromatin from erythroblasts before (0 h) and 48 h after erythropoietin induction was performed using reversed-phase HPLC on the 250×4.6 mm Vydac C 18 column with 5 μm pore size (Western Analytical Products, Marrieta, CA, USA). Nuclei from erythroblasts (containing 0.3 mg of DNA) were acidextracted with 0.2 M H 2 SO 4 for 30 min on ice, centrifuged in a tabletop microcentrifuge (Eppendorf North America, Westbury, NY, USA) for 15 min at 14,000 rpm, and the supernatant (approximately 20 μg of total protein) was applied to the column equilibrated with 10% acetonitrile containing 0.1% trifluoroacetic acid (solution C). The column was washed with solution C for 8 min at 0.5 ml/min flow rate, and histones were eluted using a two-step gradient: 0-60% solution B (100% acetonitrile, 0.1% TFA) for 120 min, then 60-100% solution B for 15 min at 0.5 ml/min flow rate. Fractions of 0.25 ml were combined and analyzed by SDS-PAGE.
SDS-PAGE gel electrophoresis and western blotting
Isolated nuclei were dissolved in SDS-containing loading buffer and the electrophoresis was carried out in 15% polyacrylamide SDS-containing gels (Laemmli 1970) . Proteins were transferred to Immobilon-P polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) and detected with primary and secondary HRP-conjugated antibodies as described . For semi-quantitative analysis of relative protein levels in nuclear samples, the Coomassie-stained gels or autoradiograph after ECL (Amersham, Bucks, UK) detection were scanned and digitized and the intensity of protein bands was quantitated using the OptiQuant version 03.00 software package (Packard Instrument Co, Meriden, CT, USA).
Treatment of cultured erythroblasts with HDAC inhibitors
After 24 h of culture, 100 and 200 nM trichostatin A (Calbiochem) was added to culture medium and 0.2 % DMSO (vehicle) added to controls. At 48 h, control and trichostatin A-treated cells were collected, total cells were counted, cytospins were prepared, and 500 cells were scored as erythroblasts, extruded nuclei, or reticulocytes. Bright-field images were acquired using a Nikon TE2000 microscope and a Plan Apo 60X/1.4NA oil objective (Nikon Instruments, Inc., Melville, NY, USA) equipped with a Q-imaging RetigaEX CCD camera (Q IMAGING, Burnaby, BC, Canada). For erythroblast populations, nuclear diameters were measured on randomly selected cells from cytospin slides using Image-Pro Plus software (MediaCybernetics, Silver Spring, MD, USA).
Quantitative real-time PCR
Friend virus-infected erythroblasts were cultured and allowed to undergo terminal differentiation in vitro, as described above. RNA was extracted with RNAzol B (Tel-test, Friendswood, TX, USA), every 8 h for 48 h. Total RNA (100 ng) was used to make cDNA, with random nonameric primers (100 ng), and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Of the final reaction volume (20 μl), 1 μl of cDNA was used in the PCR reaction. The PCR reaction included Quantitech SYBR (Qiagen, Valencia, CA, USA), sense and antisense PCR primers (0.25 μM), and cDNA. PCR primer sequences are listed in Supplementary Table S1 . PCR reactions were loaded into a 96-well plate, and analyzed on a DNA Engine Opticon (MJ Research, Waltham, MA, USA).
Results
Nucleosome array architecture and histone composition are maintained in condensed chromatin of late-stage murine erythroblasts During chicken erythrocyte differentiation there is a substantial increase in nucleosomal repeats from 190 bp in 3-4 day erythroblasts to ∼207 bp in 12-15-day embryo erythrocytes and 212 bp in adult erythrocytes, accompanying the global chromatin condensation (Weintraub 1978) . To determine whether this is a feature of mammalian erythropoiesis, we utilized Friend virus-infected murine spleen erythroblasts (FVA cells), a well-characterized model of terminal erythroid differentiation. Employing this system, erythroblasts were observed to undergo differentiation and enucleation over a period of 44-48 h (Fig. 1a) . Measurements of nuclear diameters of murine erythroblasts showed a significant decrease in average diameter from 9.6 to 6.8 μm during 48 h of terminal differentiation (Fig. 1b, c) . Taking the diploid mouse genome size of 6.7 pg (Peterson et al. 1994) , our results show a ∼3-fold nuclear chromatin condensation: from 0.014 pg/μm 3 at 0 h to 0.041 pg/μm 3 at 48 h.
To analyze nucleosomal repeat length, we digested 0 and 48 h nuclei from murine erythroblast cultures with exogenous micrococcal nuclease and analyzed their digestion patterns. Both 0 and 48 h nuclei showed almost identical rates of digestion and produced very similar nuclease digestion patterns, and a similar width of the nuclease digestion bands indicating no increase in chromatin structural heterogeneity (Fig. 2a,b) . By measuring the nucleasedigested DNA fragment length divided by the nucleosome number (Fig. 2c) , we estimated that the size of the nucleosome repeat decreased slightly from 196 bp to 191 bp during murine erythroblast differentiation. This small decrease in size is strikingly different from the previously observed increase in the nucleosomal repeats in differentiating chicken erythroid cells (Weintraub 1978) . Thus our data suggest that nucleosomal array organization is minimally changed during murine erythroblast differentiation. Of note, as in earlier studies (Kelley et al. 1993; Krauss et al. 2005 ), we did not observe extensive DNA degradation in any samples, indicating that there was no major activation of apoptotic pathways.
Developmentally regulated transitions in chicken erythrocyte chromatin, in particular the increased base pairs of nucleosomal repeat, have previously been attributed to an increased level of linker histones (Woodcock et al. 2006 ) from 1 to 1.4 molecules per nucleosome due to expression of one developmentally regulated linker histone variant, H5 (Bates and Thomas 1981) . To compare changes in chromatin protein composition during development of mouse and chicken erythrocytes, we isolated nuclei and soluble chromatin from the nuclease-treated 0 h and 48 h erythroblasts and examined their protein composition as previously described for chromatin from chicken erythrocytes and granulocytes (Grigoryev and Woodcock 1998) . Total nuclear protein analyzed by Laemmli PAGE, from both 0 h and 48 h samples showed a distinct chromatin protein pattern with the expected core histone (H2A, H2B, H3, and H4) and linker histone (H1) composition but, in contrast with chicken erythrocytes, no changes in the linker histone levels (Fig. 3a, lanes 2-4 and 6, 7) . Murine erythroblast nuclei also appeared to contain much less nonhistone protein than proliferating mouse NIH3T3 cell nuclei (Fig. 3a, lanes 1, 5) . Furthermore, densitometry of the histone region of the total nuclear protein separated by SDS-PAGE (Fig. 3b) and HPLC chromatography of acid-extracted histones (Fig. 3c, d ) showed no significant changes between 0 and 48 h erythroblasts. Thus our data clearly show that no major developmentally-regulated architectural protein, predicted to act at a level stoichiometric with nucleosomes (McBryant et al. 2006) , is expressed during the transition from proliferating to mature differentiated erythroblasts.
Chromatin condensation during murine erythropoiesis does not involve known heterochromatin architectural proteins
In most eukaryotic cell types, constitutive heterochromatin is promoted by heterochromatin protein 1 (HP1) that is represented in vertebrate cells by 3 isoforms: α, β, and γ (Singh and Georgatos 2002) . However, the association of HP1 with facultative chromatin varies among different tissues. For example, in differentiating chicken erythrocytes where abundant facultative heterochromatin forms, western blots probed with antibodies against the three known HP1 variants show absence of HP1γ, a marked decrease in HP1α, and a moderate decline in HP1β in adult erythrocytes relative to 12-day embryonic erythrocytes (Fig. 4a, lanes 4,5) . Since the amount of cytologically detectable heterochromatin is also dramatically increased during murine erythropoiesis (Koury et al. 1988) , we compared the levels of HP1 isoforms in western blots of early and late erythroblast nuclei. As a positive control, we used NIH/3T3 cells showing prominent bands with all three HP1 isoforms (Fig. 4a, lane 1) . In 0 h murine erythroblasts levels of HP1α and β were high and HP1γ was low but detectable (Fig. 4a, lane 2; Fig. 4d ). In contrast, in equal amounts of chromatin protein from 48 h cells, HP1α levels were slightly lower whereas HP1β and HP1γ were minimally detectable (Fig. 4a, lane 3;  Fig. 4d ). This suggests that the levels of HP1 proteins are not sufficient to physically condense chromatin during terminal murine erythroblast differentiation. These results are consistent with previous data showing a sharp decline of HP1 protein in other terminally differentiated blood cells (Gilbert et al. 2003; Istomina et al. 2003; Popova et al. 2006) and likely reflect the ability of HP1 to promote the secondary chromatin structure prevailing in constitutive heterochromatin (Fan et al. 2004 ) rather than the tertiary chromatin structure associated with facultative chromatin in terminally differentiated cells (see Grigoryev et al. (2006) for review).
Other chromatin architectural proteins have been identified as having roles in chromatin compaction. In chicken and human granulocytes, chromatin condensation importantly involves accumulation of developmentally regulated nuclear serpins MENT and MNEI . However, probing nuclear protein fractions with antibodies against MENT, as well as broad specificity panserpin antibodies recognizing all MENT-and MNEI-related serpins, did not detect any immunoreactive bands (data not shown). Additional chromatin architectural factors known to be involved in chromatin condensation in terminally differentiated mus- (Brero et al. 2005) . Probing nuclear protein fractions with anti-MBD2 showed a decrease at 48 h relative to 0 h cells. While MeCP2 increased slightly at 48 h, it was markedly less than even the basal level present in proliferating NIH3T3 cells (Fig. 4b) , a cell type with totally decondensed chromatin (Grigoryev et al. 2004) . Additionally, the amount of MeCP2 expressed in FVA cells at 48 h is insufficient to cause chromatin condensation in other cell types such as muscle. Antibodies for the non-ubiquitinated form of H2A.Z, a histone variant associated with constitutive heterochromatin in differentiated trophoblasts (Rangasamy et al. 2003) and facultative XY-body chromatin in post-meiotic spermatids (Greaves et al. 2006) , showed that its level was reduced in differentiated erythroblasts (Fig. 4b) . Another histone variant, macroH2A1.2, associated with pericentromeric heterochromatin spreading in quiescent mammalian lymphocytes (Grigoryev et al. 2004) was similarly reduced during erythroblast murine differentiation (data not shown). We also analyzed expression of nuclear lamins that are associated with perinuclear heterochromatin formation. While lamin A (the top major band in NIH/3T3) was not detected in erythroblasts, consistent with a sharp decrease of this lamin variant in differentiated mamma- (Martelli et al. 1992) , neither the remaining lamin C (the middle major band in NIH/3T3) nor lamin B1 showed any notable change during erythroblast differentiation (Fig. 4b) . Taken together, these data substantiate the absence of known architectural chromatin proteins associated with heterochromatin spreading in mature mouse erythroblasts.
Histone modification levels change during murine erythroid differentiation Methylation of histone H3 at lysine 9, in concert with loss of histone acetylation at this and several other histone amino acids, has been suggested to be a primary signal for establishing heterochromatin/ euchromatin segregation (Jenuwein and Allis 2001; Litt et al. 2001a) . To detect histone H3 methylation, we used antibodies against an H3 peptide containing dimethylated lysine-9 (anti-H3me 2 K9) and an H3 peptide containing trimethylated lysine-9 (antiH3me 3 K9). Anti-H3me 3 K9 is associated with pericentromeric constitutive heterochromatin, while H3me 2 K9 is detected at facultative chromatin (Cowell et al. 2002) . Western blotting (Fig. 4c, d) showed that the level of H3me 3 K9 did not appear different between proliferating and late-stage erythroblasts. In comparison, the level of histone H3me 2 K9 was increased significantly approximately 6.5-fold during erythroid maturation (Fig. 4c, d ). The specific increase in H3me 2 K9 is consistent with its association with facultative, developmentally regulated heterochromatin, while histone H3me 3 K9 is mostly associated with constitutive pericentric heterochromatin.
When we probed 0 h and 48 h cells with antibodies against either acetylated histone H3acK9,K14 or histone H4acK12, we observed a very low level of H3acK9,K14 in both types of cells (Fig. 4c, lanes 9-11) . With H4acK12, we observed that a significant level of this histone modification was maintained up to 32 h of cell differentiation, followed by a sharp decrease seen in 48 h erythroblasts (Fig. 4c, lanes 10-18) concomitantly with the overall chromatin condensation observed at this stage. As with the observed increase in H3me 2 K9, this transition is in agreement with the decrease of histone acetylation associated with heterochromatin spreading in other terminally differentiated cells (Grigoryev et al. 2004; Su et al. 2004a; Terranova et al. 2005) . Thus, unlike architectural chromatin proteins, core histone modifications show global changes during murine erythroblast maturation and may play a significant role in condensation of facultative heterochromatin in terminally differentiated murine erythroblasts.
Histone modification transitions are centered around constitutive pericentric heterochromatin
In mouse cells, the AT-rich pericentromeric heterochromatin from several chromosomes self-associates and forms a variable number of chromocenters that are readily detected by AT-rich DNA-specific fluorochromes such as Hoechst 33258 (Hilwig and Gropp 1972) . These Hoechst-positive pericentromeric heterochromatin foci such as seen on Fig. 5 (panels 1-4) provide cytological landmarks against which chromatin protein distribution can be monitored.
In previous work with differentiated mouse lymphocytes we identified a distinct nuclear chromatin territory with a unique set of histone modifications (approximately 1 μm in thickness) adjacent to constitutive pericentromeric heterochromatin. We designated this territory as the apocentric nuclear zone (Grigoryev et al. 2004) . It is within this zone that the most significant changes occur during the transition from proliferation to quiescence when facultative heterochromatin is formed. Specifically, in mouse lymphocytes, we found histone H3me 2 K9 accumulation and histone H4acK12 exclusion in apocentric zones around chromatin regions containing H3me 3 K9. In view of such nuclear distribution of histone modifications in quiescent lymphocytes, we analyzed the localization of these core histone modifications in proliferating and late-stage nonproliferating murine erythroblasts.
Immunofluorescence microscopy of 0 h cells revealed that acetylated histone H4acK12 was distributed throughout the nucleus, excluding only the pericentromeric heterochromatin marked by intensive Hoechst 33258 staining (Fig. 5, panels 3, 7, 11 ). Similarly to quiescent lymphocytes (Grigoryev et al. 2004 ), H4acK12 showed a very distinct intranuclear distribution in the 48 h erythroblasts with acetylated histones being localized toward the periphery of the nucleus and excluded from the intensely stained heterochromatic foci (Fig. 5, panels 4, 8, 12) . Staining with antibodies against H3acK9,K14 showed a similar exclusion from heterochromatic foci (not shown). During differentiation, the average distance between histone H4acK12 peaks and pericentromeric Hoechst staining peaks was significantly (p<0.002) increased from 2.25 μm at 0 h to 3.9 μm at 48 h (panel 19). In contrast, immunofluorescence of 0 h cells with antibodies against histone H3Me 2 K9 tended to concentrate in the vicinity of the heterochromatin foci (Fig. 5, panels 1, 5, 9 ) from where H4acK12 was excluded. The fluorescence intensity profile (Fig. 5, panels 10 and 19) shows that in the 0 h and 48 h erythroblasts the H3Me 2 K9 peaks cluster at a distance on average 1.3 μm from the heterochromatin foci, while the 0 h (p>0.002) and even more so the 48 h histone H4acK12 acetylation peaks (average 3.9 μm distance from Hoechst staining) retreat away from these areas. The heterochromatin foci were constitutively enriched with H3me 3 K9 that did not significantly change in the course of erythroid maturation (Fig. 5, panels 13-18, 19) . These results show that during erythroblast differentiation the most significant changes in histone modifications take place in the close vicinity of pericentromeric chromatin, leading to a dramatic increase in the ratio of histone H3me 2 K9 to H4acK12 at this nuclear territory, contrasting with its sharp decrease at the nuclear periphery. Though H3me 2 K9 is distributed in patches rather than zones surrounding pericentromeric heterochromatin, the character of spatial distribution of the histone methylation and acetylation markers closely resembles that previously observed in apocentric zones of differentiated mouse lymphocytes (Grigoryev et al. 2004 ).
HDAC5 expression is significantly increased during terminal erythroid differentiation
The abrupt decrease of histone acetylation in murine erythroblast nuclei with the most condensed chro- Fig. 5 Spatial reorganization of histone modifications during erythroblast differentiation. Immunofluorescence microscopy of FVA cells before (0 h) and after (48 h) erythropoietin induction stained with Hoechst (blue, panels 1-4, 13, 16) for DNA or Hoechst plus antibodies against histones H3me 2 K9 (red, panels 5, 6), H4acK12 (green, panels 7, 8), and H3me 3 K9 (red, panels 14, 17) as indicated. Panels 1-4, 13, 16 show original images. Panels 5-8 and 14, 17 show overlaid images obtained after Autodeblur deconvolution (see Materials and Methods). Panels 9-12, 15, and 18 show line profiles (deconvolved images) illustrating the spatial fluorescence intensity changes of the specific antibody staining (red or green channel as indicated) and Hoechst (blue channel) plotted along the paths shown by the yellow lines on panels 5-8, 14 and 17. Scale bar represents 10 μm. Panel 19 shows a histogram of average distances between Hoechst peaks and each of the three epigenetic histone modifications: H3me 3 K9, H3me 2 K9, and H4acK12. Distances were measured on multiple line profiles (such as those shown on panels 9-12, 15, 18) recorded after immunofluorescence deconvolution microscopy of FVA cells before (0 h) and after (48 h) erythropoietin induction. From 40 to 50 measurements were made for each category. Error bars show standard deviations. P-values shown over the brackets represent probability associated with a Student two-sample unequal variance t-test with a two-tailed distribution matin as well as the recent finding that histone deacetylation may mediate chromatin condensation in terminal muscle differentiation (Terranova et al. 2005) suggested that histone deacetylases (HDACs) may play a role in chromatin condensation. Since a number of HDACs have previously been implicated in large-scale chromatin modification (Shahbazian and Grunstein 2007) , we used quantitative real-time PCR with cDNA isolated from the erythropoietininduced FVA cells to examine the expression of a number of HDACs during terminal differentiation (Fig. 6a ). Among all HDACs tested only HDAC5 showed an approximately 2.5-fold increase in expression level, while the other HDACs either markedly declined (HDACs 1-4, 10) or had levels that did not show a significant net change upon terminal differentiation (HDACs 6, 8) . To validate the increased expression of HDAC5 at the protein level, we probed nuclear protein samples for HDAC5 by western blotting and observed a major increase of HDAC5 expression at the last stages of FVA erythroblast differentiation, reaching maximal expression after 48 h (Fig. 6b) .
The population of 48 h FVA cells has some heterogeneity in nuclear diameters (Fig. 1b) where the smallest nuclei with the most condensed chromatin are associated with the lowest levels of histone acetylation (Fig. 5 panel 8) . To examine whether HDAC5 expression is indeed associated with condensed nuclei, we used immunofluorescence micros- (0 h) and after (48 h) erythropoietin induction stained with Hoechst 33258 (panels 1, 3, 5, 7) for DNA, antibodies against HDAC5 (panels 2, 4, 6, 7) and antibodies against nuclear lamin B (panel 8). Arrows on panels 2, 4 indicate the positions of HDAC5-negative nuclei. Panels 7 and 8 show superimpositions of confocal images (at higher magnification) stained with Hoechst 33258 and anti-HDAC5 (7), and anti- copy to detect HDAC5 in FVA cells. Consistent with western blotting results, the 0 h FVA cells showed no detectable signal of HDAC5 (Fig. 6c, panels 1, 2) . In contrast, the 48 h cells showed strong HDAC5 signals, predominantly associated with the periphery of small nuclei with condensed chromatin. The majority of larger nuclei either did not express detectable HDAC5 or showed lesser levels at the nuclear periphery (Fig. 6c, panels 3-7) . Thus, most of HDAC5 protein expressed at 48 h of FVA erythroblast differentiation is detected specifically in cells with condensed chromatin. The peripheral HDAC5 was proximal to lamin B (Fig. 6c panel 8) but formed a distinct pattern of local intensities.
Inhibition of histone deacetylation blocks chromatin condensation and erythroblast enucleation
We next asked whether HDAC activity could be instrumental in mechanisms for chromatin condensation in differentiating FVA cells. To test this, we treated mouse erythroblasts after 24 h in culture with the HDAC-specific inhibitor trichostatin A (TSA). We then compared specific parameters of differentiation in the treated cells with untreated control cells 20 h later. Western blotting of H4K12Ac showed that 100 or 200 nM TSA-treated erythroblasts had the predicted dramatic increase in histone H4(K12) acetylation (Fig. 7a, lanes 3, 4) in contrast to the significant decrease seen at 48 h in control cells (Fig. 7a, lane 2) . We also scored the categories of cells present after exposure to 100 nM TSA. The percentage of erythroblasts was increased ∼3 fold in the 44 h cultures treated with 100 nM TSA compared with untreated controls (Fig. 7b) . Furthermore, correlated with an increased percentage of erythroblasts, there was a marked reduction in extruded nuclei and reticulocytes (Fig. 7b) after TSA treatment. A very similar level of acetylation and inhibition of chromatin condensation was observed after treatment of cells with 1 mM or 2 mM sodium butyrate, another HDAC inhibitor (data not shown).
Evaluation of hemoglobinization of erythroblasts by benzidine/hemotoxylin staining showed that hemoglobin synthesis continued after TSA, indicating that the cells remained metabolically active (Fig. 7c) . We also observed that erythroblast nuclei did not decrease in size and their chromatin did not condense in TSA-treated cells relative to 44 h controls (Fig. 7c, d ).
Treatment with 2 mM butyrate resulted in a very similar cell phenotype (not shown) strengthening the argument that the effect was due to HDAC inhibition. Taking these findings together, it appears that HDAC inhibitors significantly inhibit erythroblast nuclear condensation and extrusion. Thus our data support a model in which histone deacetylase activity, in the absence of other known heterochromatin-promoting factors, plays a significant mechanistic role in the global chromatin condensation occurring in differentiating murine erythroblasts.
Discussion
Chromatin in mature terminally differentiated vertebrate tissues (e.g., nucleated erythrocytes, white blood cells, brain, or liver) is highly condensed and shows a propensity for selective self-association of repressed genes generating significant changes in chromatin higher-order folding (reviewed in Grigoryev 2001) . This progressive increase in chromatin condensation and selective self-association during terminal differentiation raises the question of which developmentally regulated factors are responsible for changes in chromatin higher-order structure. Previous studies of constitutive and facultative heterochromatin revealed several different architectural factors that promote heterochromatin formation. These include three subtypes of heterochromatin protein 1, a key factor in promoting chromatin-mediated repression and heterochromatin spreading (Eissenberg and Elgin 2000; Li et al. 2003; Verschure et al. 2005) ; methyl CpGbinding proteins MeCP2 and MBD2 promoting heterochromatin clustering in muscle cells (Brero et al. 2005) ; erythroid tissue-specific linker histone H5 that promotes chromatin condensation by gluing together nucleosome arrays (Weintraub 1984) , along with closely related erythrocyte-specific linker histone H1 variants also found in other vertebrates such as fish (Wright et al. 1987) and amphibians (Koutzamani et al. 2002) ; and nuclear serpin MENT expressed in chicken blood cells, including nucleated erythrocytes and, in synergy with linker histone H5, promoting chromatin condensation . Surprisingly, none of these factors has been found to significantly accumulate in mature murine erythroblasts. Furthermore, even among unidentified protein bands in murine erythrocyte nuclei we observed no single one with an expression level comparable to histones (Fig. 3a) . Accordingly, no single protein in the mouse erythroblast nucleus appears to be present in sufficient quantity to cause global chromatin transitions by physically altering the chromatin fiber folding as the known chromatin architectural proteins do (McBryant et al. 2006) .
In differentiating erythroid and lymphoid mammalian cells, spreading of heterochromatin structure is associated with juxtaposition of silenced euchromatic genes with constitutive heterochromatin (Brown et al. 1997; Schubeler et al. 2000) . In differentiated mouse lymphocytes, histone H3 methylation is increased and acetylation is decreased (Su et al. 2004b) . In these cells, we have previously observed a special apocentric zone enriched in histone H3me 2 K9 and depleted in histone acetylation (Grigoryev et al. 2004 ). In the current study, we found a similar enrichment in histone H3 methylation and spatial segregation from histone acetylation at the heterochromatin periphery in terminally differentiated erythroblasts.
Furthermore, inhibition of histone deacetylase activity by TSA or sodium butyrate treatment blocked characteristics of terminal differentiation including chromatin condensation and nuclear extrusion, although in some other systems they have been reported to promote differentiation (Cho et al. 2005) . Interestingly, the processes we observed in differentiating mouse erythroblasts resemble those of terminally differentiating muscle tissue where heterochromatin clustering was accompanied by enhanced histone H3 (K9) methylation and prevented by HDAC inhibition (Terranova et al. 2005) . However, in contrast to erythroblasts, chromatin condensation in myogenic cells involved major contributions from two architectural heterochromatin factors, MeCP2 and MBD2 (Brero et al. 2005) .
The results reported here suggest a strikingly different organization of condensed chromatin in mammalian erythroblasts compared with other vertebrates, whose erythrocytes remain nucleated. The apparent absence of stage-specific heterochromatin architectural proteins in terminally differentiated murine erythroblasts suggests a new model for chromatin condensation (Fig. 8) in which histone deacetylation per se is directly responsible for chromatin condensation. Indeed, extensive acetylation of histone N-terminal domains are well known to inhibit chromatin folding and self-association (Tse et al. 1998 ) and acetylation of only one amino acid (Lys In differentiating mammalian erythroblasts, HP1 is also removed from the chromatin but is not replaced by another chromatin-condensing architectural factor. Instead, the increased histone methyltransferase and HDAC activities lead to a sharp decrease in histone acetylation in the apocentric zone formed around the constitutive heterochromatin. The apocentric chromatin condenses as a result of loss of histone acetylation and, by the end of the differentiation process, forms a facultative heterochromatin territory spatially segregated from the residual active chromatin territory remaining at the nuclear periphery 16) in histone H4 is particularly efficient in inhibiting chromatin compaction (Shogren-Knaak et al. 2006) . In addition to histone deacetylation, other histone modifications, such as linker histone phosphorylation (Yellajoshyula and Brown 2006 ) may contribute to chromatin condensation in mammalian erythroblasts.
In our experimental system, the low levels of histone acetylation in late erythroblasts may result from two parallel developmentally regulated processes. One mechanism entails increased expression of histone deacetylases, while the second involves accumulation of histone H3 methylation in the vicinity of heterochromatin (Fig. 8) . This methylation may act to further inhibit histone acetylation since histone methylation and acetylation involve similar amino acids according to the 'histone code' in which a precise set of histone modifications determines chromatin structure and transcriptional activity (Jenuwein and Allis 2001) . Furthermore, decreased acetylation may result in detachment of chromatin from existing nuclear structures (e.g., those containing bromodomain proteins) and thus contribute to chromatin condensation without any additional chromatin architectural proteins.
In contrast, chicken erythrocyte differentiation involves neither increased histone H3 methylation nor spatial segregation between histone methylation and acetylation , consistent with the primary roles of developmentally regulated structural proteins H5 and MENT in the condensation process (Fig. 8) . Interestingly, the chicken β-globin gene contains a unique boundary element ensuring structural segregation between the active chromosomal loci and the nearby heterochromatin (Felsenfeld et al. 2004) . The reason why such a well-defined boundary element is absent from mammalian β-globin genes may be related to the spatial rather than structural segregation between active and repressed chromatin in the mammalian blood cells.
Our study identified HDAC5 as a histone deacetylase with an increased expression level in differentiating murine erythroblasts. Remarkably, HDAC5 has recently been shown to be associated with histone H3 N-terminal peptide requiring lysine 9 for its association (Heo et al. 2007) . HDAC5 enrichment at the nuclear periphery (Fig. 6c) , where the residual histone acetylation is also localized (Fig. 5, panel 8) , suggests that HDAC5 is tethered to the areas of its action through direct association with histone H3 N-tail.
HDAC5 has previously been implicated in regulating cell growth and differentiation (Zhang et al. 2002) and, in particular, its accumulation in the nucleus of erythroleukemia (MEL) cells has been shown to interfere with activity of the key factor of erythroid differentiation, GATA-1 (Watamoto et al. 2003 ). Our present work shows that HDAC5 may play a dual role in mammalian erythropoiesis: first by acting locally to inhibit a differentiation inducer at the early stage of erythroid differentiation, and secondly to condense chromatin by promoting global histone deacetylation at the later stages of erythroblast maturation. In view of increasing use of deacetylase inhibitors for chemotherapy of hematologic malignancies (Claus and Lubbert 2003) , it is extremely important to elucidate the role of histone modifications in terminal erythroid differentiation and minimize their possible adverse effects on erythropoiesis.
